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advantage of these alloys compared to the stellite is that they have a lower melting tempetature, 1025 -1150 0 C, as well as lower cost and thermal stability. The resistance to surface wear and tribological characteristics of the parts in most cases are determined by their operational functions. The atmospheric plasma spray (APS) process is a thermal process which enables the formation of coatings that provide mechanical parts with a longer life, greater reliability and a higher degree of safety in operation. This procedure is one of the procedures commonly used for the deposition of powders for repair of damaged and worn out machine parts, and for the protection of new parts from wear and corrosion. The coat deposition process consists of several phases: the powder melting, the collision of melted powder particles with the substrate material, the bonding of sprayed particles and the coating structure formation [1] . Plasma spray coatings deposited with inadequate parameters are characterized by weaker adhesion, low cohesion and high porosity. The options for improving these properties is the optimization of plasma spray parameters such as the plasma gun distance from the substrate and the deposition rate. In order to be wear and corrosion resistant, plasma spray coatings are required to have good adhesion, reduced porosity and a minor proportion of melted powder particles in the layers. In order to predict the behavior and service life of coatings, it is necessary to fully understand the relations between technology, process parameters, microstructure and the properties of coating layers. Due to a high temperature of melted powder particles and high temperature differences between particles and the substrate, residual stresses may occur with a negative impact on the coating characteristics. These features are primarily related to the adhesion and the cohesive strength of the lamellae in coating layers. Voltages can occur as a result of cooling and shrinkage of particles during the process as well as different thermal expansion coefficients between the coating and substrate surfaces [2] [3] [4] [5] . Self -fluxing NiCrBSi alloy powder was developed to produce coatings successfully used for the production and maintenance of equipment in all industries. Coatings are applied to increase the performance of surfaces of mechanical elements. NiCrBSi-type alloys are well known. Due to their specific properties, they have excellent resistance to abrasion and erosion wear up to 820 0 C, as well as corrosion resistance owing to hard phases in their structure [6, 7] . These materials deposit well and have self -fluxing properties for the base material substrate. The ternary Ni-Cr-B alloy system has shown that alloys mostly have a three-phase structure consisting of a solid solution of chromium in nickel γ -Ni(Cr), nickel borides Ni 3 B and borides of chromium CrB and Cr 5 B 3 . Fig. 1 . shows the ternary phase diagram of Ni-Cr-B alloy [8] . Binary systems such as NiCr, NiB and NiSi provide information on the effects of individual alloying elements on the melting temperature of NiCrBSi alloys [9] . Binary systems show that Cr, Si and B reduce the melting temperature of Ni to 1040 0 C. The result is a relatively low melting temperature of NiCrBSi alloys [10] . After remelting NiCrSi alloys, the published studies [11, 12] have contributed to the recognition of the phases of NiCrBSi systems. The base of the NiCrBSi alloy contains a solid solution γ -Ni with a low content of Ni-Ni 3 B eutecticum. During remelting, there may be an increase in chromium carbide precipitates (Cr 7 C 3 ) where the carbon content in the chemical composition of the coating exceeds 0.8 wt%. In addition, if the content of boron in the coatings is higher than 2 wt.%, the microstructure contains CrB precipitates [13] . Silicon is present almost entirely in the form of mixed crystals. The increase of the Si content for more than 3.2% results in the presence of chromic silicides Cr 5 Si 3 . A higher content of B and Si significantly lowers the plastic properties of the NiCr alloy. The most effective influence on the B and C hardness can be explained by their participation in the formation of borides and carbides. The Ni alloy deposition process is the overall proportion of B in the form of bo-rides CrB and Ni 3 B [8] . Boron is added to the alloy as a deoxidation agent because of the sensitivity of individual alloy components to oxygen at high temperatures and because of the formation of boride solid phases. The coatings are thick with a hardness of 60 -62HRc. This is recommended for difficult operating conditions when a base material with a high coefficient of thermal expansion (8 -9 x10
) is used [6] . The improvement of the coating can be achieved with the application of the process of remelting the deposited layers, which, however, can lead to a decline in toughness. Remelting and fusing the NiCrBSi coating is very important because of the presence of numerous micro cracks and crackings that can affect a wider use. The content of cracking depends on stress as a consequence of the alloy remelting rate and substrate preheating. Speed remelting significantly affects the crystallization process layers directly related to the chemical composition of the alloy and its properties. For each type of the NiCrBSi alloy, it is necessary to examine the proportion of the resulting stresses depending on the melting process, which is directly related to the process of crystallization and cooling rate of layers [14] . For the process of coating remelting, the speed of preheating layers and the substrate on which the coating is deposited is very important as well as the temperature distribution in the depth of the entire sample. For high remelting and crystallization rates, a heterogeneous structure is characterized as well as a high sensitivity of layers to crack formation. Since the temperature in the melting zone is not uniform, the structure of the coating is not homogeneous in depth and width of the remelting and fusion. The primary crystals of chromium carbides and chromium borides, formed with sharp edges, are the main causes of stress concentrated at the grain boundaries that create micro-cracks at the boundaries of dendrites. The crack through the coating and at the interface is of dendrite character. The number of crackings can be controlled and reduced by the rate of energy incorporated in the process of melting and fusion. For a low remelting rate, when the substrate material has enough time to preheat, longitudinal cracks do not appear in the coating. The applied remelting method and rate affect the phase composition, grain size, texture, and the dissolution of carbides in nickel, i.e. the mechanical and tribological properties of layers with time [7, 14] . In any case, the characteristics of functional coatings are affected by powder deposition parameters.
The main objective of this paper was to homogenise NiCrBSi coating layers and apply them to the aircraft parts exposed to combined wear and excessive corrosion. Three groups of samples were obtained at three distances (70, 120 and 170 mm) of the plasma gun from the substrate. The coating with the best microstructure was melted down and fused with the substrate. We analyzed and studied the microstructure and mechanical characteristics of the coating layers in order to select the highest quality coating and homologise the plasma spray parameters.
Materials Testing and Samples
The powder GTV 80.15.1 (DIN EN 1274) of the self-fluxing NiCrBSi alloy was used for the coating [6] .The powder particles, of spherical morphology, are made by melting and the atomization of the liquid melt with an inert gas. The powder used in the experiment had a range of granulation from -53 to + 20 μm. The melting temperature of the powder was 1024 0 C. Fig. 2 shows a (SEM) scanning electron micrograph of the morphology of the powder particles.The powder base consists of a solid solution of chromium in nickel γ -Ni(Cr) and the solid phases of CrB, Cr 3 Si, Ni 3 B, and NiSi. Table 1 shows the chemical composition of the NiCrBSi powder. The bases with the deposited coating for microhardness testing were made of steel Č.4171 (X15Cr13 EN10027) in a thermally nontreated state with the dimensions 70x20x1.5mm [15] . The bases for bond strength testing were also made of steel Č.4171 (X15Cr13EN10027) in a thermally non-treated state with the dimensions φ 25x50 mm [15] .
Examination of microhardness, bond strength and microstructure
The mechanical properties of the layers were assessed by microhardness testing using the HV0.3 method and by testing bond strength using tensile testing. The microhardness was measured along the lamellar structure, in the middle and at the ends of the samples. The results of five readings were averaged.
The method applied for bond strength testing is the method of tensile testing. The testing was done at room temperature with a tensile rate of 1cm/60s. Three specimens were tested for each group of samples.
The SEM was applied for the examination of the morphology of powder particles.The microstructure of the layers in the deposited condition and after etching was tested by a light microscope. The etching of the electrolytic plating was done with 2% Cr acid and by the immersion in a saturated solution of KMnO 4 with 8% NaOH.
Powder deposition
The process of coating deposition on the metal base was done by atmospheric plasma spraying (APS). Coatings were deposited on steel bases, the surface of which was made rough white precious electro corundum grit from 0.7 mm to 1.5 mm. Coating deposition was performed with the Plasmadyne atmospheric plasma spraying (APS) system [16] . Fig. 3 shows the cross section of the SG -100plasma gun, consisting of a K 1083 -129 cathode (3), an A 2083 -129 anode (4) and a GI 2083 -130 gas injector (1). The parameters for depositing NiCrBSi layers are shown in Table 2 . Through the gas injector hole (1), primary arc gas argon Ar (2) was injected to flow between the cathode (3) and the anode (4). A plasma arcan electric arc was formed by introducing direct current between the cathode and the anode. After the electric arc stabilization, secondary gas helium He (5) was injected through the gas injector hole followed by its momentary ionization. As the electric arc circuit was completely closed, the ionized secondary gas left the anode opening as a focused plasma jet.At the exit of the anode plasma has high rate and temperature. During the process, plasma ions and electrons recombine into atoms thus releasing a great amount of heat which melts the injected powder in the anode. The anode has two openings (6) for powder injection into the plasma jet. The powder deposition was done with a mixture of plasma gases Ar-He and the power supply of 40KW. Three groups of samples, A, B and C, were obtained with three distances of powder deposition (70.120 and 170 mm). The layers were deposited on the substrates of a total thickness of 0.030 to 0.035 mm with a plasma gun rate of 500mm/s.The coating with the best structural and merchanical characteristics was melted and fused to the base.The melting was done with an oxy -acetylene flame at 1050°C.
Results and discussion
The results of the tests of microhardness and bond strength of NiCrBSi layers are shown in Table 3 and in the diagrams (Figs. 4 and 5) . The values of the microhardness of coating layers are directly related to the distance of powder deposition. The layers of the coating deposited with the largest distance of 170mm on the substrate (C) have the lowest value of microhardness -454HV 0.3 . A greater distance from the substrate resulted in a greater reduction in rate and in subcooling of melted powder particles. This further resulted in less sagging and the deposition of particles on each other, accompanied by a large proportion of pores.
This was confirmed by the metallographic examination of the coating layers. The highest value of microhardness of 890 HV 0.3 was found in the layers with the lowest content of pores, deposited on the substrate (B) with a distance of 120 mm. A high values of microhardness 823HV0.3 were also found in the layers deposited on the substrate (A) with the shortest distance of 70 mm. The microhardness values of these coatings were accompanied by defects at the interface in the form of crackings due to a high stress state caused by a small distance of the plasma powder deposition.
The bond strength of the coatings is directly related to the distance of powder deposition and the content of pores in the layers. The lowest value of the bond strength, 0.9 Mpa, was found the layers deposited with a substrate distance of 70 mm. The stresses at the interface occurred at a short distance due to significant temperature differences between the deposited melted powder particles and the substrate. Rapid cooling and contraction of the particles as well as different thermal expansion coefficients between the coating and the substrate influenced the formation of cracking at the interface.This type of error in the coating was identified during the examination of the microstructure of the layers. Cracks significantly reduce adhesion. The destruction of the coating on the sample (A) was initiated by the existing cracks at the interface at the point with the highest state of stress. The cracks propagated through the surface of the coating with good bonding with the substrate.The highest value of the bond strength of 53MPa was found in the layers with the lowest content of pores, deposited on the substrate (B) with a distance of 120 mm. The mechanism of destruction on the sample (B) was of the adhesive type at the interface between the substrate and the bonded coating.The layers of the coating deposited at the highest substrate distance of 170 mm had a bond strength value of 22 Mpa, which was influenced by a high content of pores in the layers. Due to a high content of coarse pores, the mechanism of destruction occurred through the pores of the coating layer near the interface.
Figs. 6.7 and 8 show the microstructures of the deposited layers on the substrates A, B and C with the distances of 70, 120 and 170 mm. Fig.  9 shows the microstructure of the coatings deposited on the substrate with a magnification of 800x in order to analyze the microstructure of the layers with the best structural and mechanical properties. The qualitative analysis of the deposited NiCrBSi layers showed that Al 2 O 3 particles from roughening were not present at the substrate/coating interface. Fig. 6 shows an existing crack propagating along the interface between the substrate and the coating.The coating/substrate bond is intermittent without the separation of the coating layers from the substrate.
The coating layers are dense without the presence of unmelted particles, pores and micro cracks in the deposited layers. A with a substrate distance of 70 mm Slika 6 -Mikrostruktura NICrBSi prevlake deponovane na uzorku A sa odstojanjem supstrata 70 mm Figure 7 -Microstructure of the NiCrBSi coating deposited on the sample B with a substrate distance of 120 mm Slika 7 -Mikrostruktura NICrBSi prevlake deponovane na uzorku B sa odstojanjem supstrata 120 mm Figure 8 -Microstructure of the NiCrBSi coating deposited on the sample C with a substrate distance of 170 mm Slika 8 -Mikrostruktura NICrBSi prevlake deponovane na uzorku C sa odstojanjem supstrata 170 mm Figure 9 -Microstructure of the NiCrBSi coating deposited on the sample B with a substrate distance of 120 mm Slika 9 -Mikrostruktura NICrBSi prevlake deponovane na uzorku B sa odstojanjem supstrata 120 mm Fig. 7 shows the NiCrBSi layers deposited on the substrate B with the best structural and mechanical characteristics. The coating structure is lamellar with a good bond to the substrate. The layers are deposited on the substrate continuously without interruption and without the presence of micro and macro cracks on the interface. The layers are very dense and homogeneous with a very low content of pores, lower than 1%. The layers do not contain unmelted particles. Micro cracks cannot be observed through the deposited layers.
In the microstructure of the NiCrBSi layers deposited with the longest distance of the plasma gun, shown in Fig. 8 , a large content of non lamellar particles and pores can be seen. A long distance of the plasma gun from the substrate resulted in the subcooling of the melted powder particles and they plastically deformed on the impact with the substrate, forming coarse black pores.
The morphology of the deposited particles is of an irregular shape. Non melted particles without the presence of micro and macro cracks are identified in the structure as well. Discontinuities in the coating, caused by the presence of porosity and unmelted particles, facilitate wear and lower corrosion resistance at interlamellar boundaries. The structure of the coating on the substrate B is lamellar (Fig. 9) . The basis of the coating consists of a solid solution of chromium in nickel γ -Ni which includes fine precipitates Cr 7 C 3 and Ni 3 B [7, 17] . Through NiCrBS layers, dark lamellae of the phases of chromium borides CrB are clearly seen. Fine pores with fine NiCrBSi precipitates can be also observed. These phases are mainly present in the coating layer after the plasma spray deposition [13] . In the coating structure, following the binary systems of CrC and BC, the Cr 7 C 3 phase is present out of all carbide phases [9] . In order for the Cr 3 C 2 phase to be formed in the structure, the carbon content in the coating must be C > 0.8 wt%, and for the B 4 C type of carbide, the carbon content must be in the range from 10 to 20.9 wt% [9] . Fig. 10 shows the microstructure of the remelted coating deposited on the substrate B. The structure of the coating is homogeneous, without any present micro and macro cracks.This indicates that the coating layers were evenly heated and remelted. The microstructure consists of the Ni solid solution and the phases of Ni 3 B, CrB, Cr 7 C 3 and Ni 5 Si 2 . The structure of the primary solid solution γ -Ni is dendritic with hard eutectics of γ -Ni -Ni 3 B and γ -Ni -Ni 3 B -CrB. Between the Ni dendrites there are primary crystals and the dendrites of Cr 7 C 3 carbide which are lighter in color and form a part of the eutectic Cr 7 C 3 -Ni 3 B. The primary Cr 7 C 3 and Ni 5 Si 2 particles are found in the interdendritic areas. The etching of the coating causes Ni to dissolve from the solid solution and the eutectics, while borides, carbides and silicides are raised in the relief. Since the incident light falls on the surface obliquely and casts a shadow over the raised boride, carbide and silicide phases, nickel dendrites are black. 
Conclusion
In this paper, the atmospheric plasma spray (APS) process was applied for the deposition on three groups of samples A, B and C, from three distances (70,120 and 170 mm) by a plasma gun. The structure and the mechanical properties of the coatings deposited were studied and analyzed, leading to the following conclusions.
The microstructure and the mechanical properties of the bond hardness and strength depend directly on the distance of the plasma gun from the substrate.
Shorter and longer distances of the powder deposition resulted in the coating layers with lower coating adhesion. A shorter distance resulted in the formation of cracking at the interface, and a longer distance gave rise to the formation of coarse pores in the layers.
The layers with the best structural and mechanical properties were obtained with a distance of 120mm from the substrate. The layers are dense and homogeneous with high hardness and adhesion.
The structure of the deposited coating layers is lamellar and is mainly composed of a solid solution of chromium in nickel γ -Ni(Cr) and hard phase borides CrB, Ni 3 B and carbides Cr 7 C 3 .
The remelted coating does not contain micro crackings. The structure of the primary solid solution γ -Ni is dendritic with the hard eutectics γ -Ni -Ni 3 B and γ -Ni -Ni 3 B -CrB. Between the Ni dendrites there are primary crystals and dendrites of Cr 7 C 3 carbide, lighter in color as a part of the eutectic Cr 7 C3 -Ni 3 B. Primary Cr 7 C 3 particles and Ni 5 Si 2 are in the inter dendritic regions.
The results have shown that the distance of the substrate influences the structure and the mechanical properties of the coating layers. The tests have confirmed that the best coating layers are those deposited with a substrate distance of 120 mm. Remelting of layers further improves the structure of the coating. [17] Serres, N., Hlawka, F., Costil, S., Langlade, C.,and Machi, F., Microstructures of Metallic NiCrBSi Coatings Manufactured via Hybrid Plasma Spray and In Situ Laser Remelting Process, Journal of Thermal Spray Technology, Published online, 12 November 2010.
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